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This paper presents a model for prediction of the stress state in agricultural soil below agricultural tyres in the driving direction and perpendicular to the driving direction, which are different from one another, using the Finite Element Method. It was created a general model of analysis using FEM, which allows the analysis of equivalent stress distribution and the total displacements distribution in the soil volume, making evident both of the conditions in which the soil compaction is favoured and of the study of graphic variation of equivalent stress and the study of shifting in the depth of soil volume. This work has theoretical and obvious practical importance, because it allows that, by running the program of analysis through Finite Elements Method, to determine in a short period of time how are distributed in the soil the stresses that generate soil compaction at the interaction with the rolling bodies of land vehicles, for all traffic conditions and for any physical and mechanical properties of soil, no matter what value its moisture has.
Modelling the soil artificial compaction

Modelling the soil stress spreading
Because the agricultural soil is not a homogeneous, isotropic, and ideal elastic material, the mathematical modelling of stress propagation phenomenon is very difficult. Many mathematical models of stress propagation into the soil under different traction devices are based on the Boussinesq equations, which describe the stress distribution under a load point (Figure 1 ) acting on a homogeneous, isotropic, semi-infinite, and ideal elastic medium (Hammel, 1994) . Frohlich developed equations to account for stress concentration around the application point of a concentrated load for the problem of the half-space medium subjected to a vertical load (Kolen, 1983) . (Upadhyaya, 1997) Many models of dynamic soil behaviour are using elastic properties of soil, and when the soil is represented by a linear-elastic, homogenous, isotropic, weightless material, the elastic properties required to fully account for the behaviour of the material are: Young's modulus (E), shear modulus (G), and Poisson's ratio ( ).
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For agricultural soils, the relationships between stresses and strains are measured on soil samples in the laboratory or directly in the field. The stress-strain relationships are given by constitutive equations (Gee-Clough, 1994) . The Drucker-Prager plasticity model can be used to simulate the behaviour of agricultural soil. The yield criteria can be defined as:
where α and k are material constants which are assumed unchanged during the analysis, m is the mean stress and  is the effective stress, α and k are functions of two material parameters (Φ and c) obtained from the experiments, where Φ is the angle of internal friction and c is the material cohesion strength. Using this material model, the following considerations should be noted: strains are assumed to be small; problems with large displacements can be handled providing that the small strains assumption is still valid; the use of NR (Newton-Raphson) iterative method is recommended; material parameters Φ and c must be bounded in the following ranges: 90 0  and c ≥ 0. The required input parameters for the constitutive model of the agricultural soil of wet clay type are (Gee-Clough, 1994 figure 1 are given in cylindrical coordinates as follows (Upadhyaya, 1997) :
where P -is the point load, -Poisson's ratio, z,r,θ -normal stress components, and rz -shear stress component. Figure 2 shows the stress state in soil, of an infinite cubic soil element, which can be written in a matrix, named the matrix of the stress tensors (Koolen, 1983; McKyes, 1985) . Stresses acting on a soil element can be described by mechanical invariants, which are independent of the choice of reference axes. The invariants yields are (Keller, 2004) (Koolen, 1983) It is useful to define the stress measures that are invariant. Such stress is the octahedral normal stress and the octahedral shear stress (Keller, 2004) :
The critical state soil mechanics terminology uses the mean normal stress p and the deviator stress q. If p= oct (Eq. 9), q is given as (Keller, 2004) :
Utilization of incremental methods for studying the soil non-linear behaviour
The incremental methods are used to deal with material and geometrically non-linear problems. The basis of the incremental procedure is the subdivision of the load into many small increments. Each increment is treated in a piecemeal linear behaviour with the stiffness matrix evaluated at the start of the increment. The tangent stiffness, E t ( Figure 3 ) for each element is calculated from the stress-strain curves according to the current stress level of that element. The Finite Element Method (FEM) is proving to be very promising into modelling this propagation phenomenon. In a FEM calculation when the coordinates are continually updated, the strain increment dЄ, has the mean of a ratio between an incremental length and the current length.
The relationship between and Є has the form (Gee-Clough, 1994): 
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For saturated soil under an un-drained condition, the volume change is generally considered to be negligible. But for FEM calculation purposes, it is common to assume a constant Poisson's ratio slightly less than 0,5 (Gee-Clough, 1994) . In terms of the concept of the incremental method, for a soil with nonlinear properties when increments are very small, Hooke's law in which the Young's modulus, E t , and Poisson's ratio, t , are variables (depending on current stress and strain values) is valid. On this basis, for a plane strain problem, a formula for the volume modulus, K t , can be derived:
where: x , y are strains in x and y directions; x , y are stresses in x and y directions. If t is constant, as E t decreases (soil failure), K t also decreases. This means that soil volume changes can be large. Assuming K t is constant, and the initial values of E t and t are E 0 and maximum t and a minimum E t may be specified to avoid the calculation problem (GeeClough, 1994):
Tyre deformation at running path interaction
Under the action of an external load (weight per wheel), a tire deforms as it is shown in figure 4 . According to Hedekel's equation, tire deformation is given by the following relationship: 
and the length of the contact chord is:
www.intechopen.com Figure 5 shows the influence of tire pressure on the dimensional characteristics of the wheel (figure 4), respectively tire deformation (Eq. 17), static radius R s (Eq. 18) and the length of contact chord L (Eq. 19), for the rear wheel. Fig. 5 . Influence of tire pressure on the dimensional characteristics of the wheels
Contact surface between tyre and running path
The calculation of the contact surface between tyre and running path is rather complicate due to this interface complexity which depends on soil varaiable parameters and tyre parameters. It is usually necessary to make simplifying assumption of the true contact area. Surface of contact can be approximated by a circle, in case of rigid running paths and tyres with high pressure. In case of low inflation pressures, the more elliptical the contact area becomes. Low tire inflation pressure and high axle loads lead to high tire deflection and the contact area is no longer elliptical, but rectangular with curved ends (Upadhyaya & Wulfsohn, 1990) . Figure 6 shows the theoretical shape of contact area between the soil and agricultural tyres. The pressure distribution along the width of tyre is described by a decay function (Keller, 2004) 
and the pressure distribution in the driving direction is described by a power-law function:
where C, and α are parameters, w(x) is the width of contact between the tyre and soil, p x=0,y is the pressure under the tyre centre and l(y) is the length of contact between the tyre and soil.
www.intechopen.com Figure 7 shows the vertical load distribution in the contact area beneath agricultural tyres for three considerations: the real distribution with measured values (left), a model with uniform load distribution (centre), and a better model with irregular load distribution (right). Fig. 7 . Distribution of the vertical load in the contact area (Keller, 2004) Equation (20) can describe different cases of pressure distribution, e.g. maximum pressure under the tyre centre or pressure under the tyre edge. The parameters C, and α are calculated from wheel load, tyre inflation pressure, recommended tyre inflation pressure at given wheel load, tyre width and overall diameter of the unloaded tyre. All these parameters are easy to measure or readily available from e.g. tyre catalogues.
FEM model for studying the distribution of soil strains and stresses
For the modelling using the finite element method it was considered a soil volume with the depth of 1 meter, the width of 3 meter and length of 4 meter (Figure 8 ) under the action of different tractors and harvester-threshers (Table 1) . The structural nonlinear analysis was made on the ideal model, the soil being considered a homogeneous and isotropic material. It was used the COSMOS/M 2.95 Programme for FEM modelling. The static radius of tire and length of contact chord are computed, thus providing the contact area between the wheel and the soil and the value of the pressure applied by the rolling body on the soil. 
Conclusions
The Finite Element Method is at the present the most advanced mathematical tool which can be used for the study of agricultural soil artificial compaction process. For mathematical modelling the soil is considered as a homogeneous and isotropic material, and the Drucker-Prager plasticity model can be used to simulate the behaviour of agricultural soil.
This study shows that from these analysed tractors and harvester-threshers, the highest artificial compaction of soil was caused by the front wheels of SEMA-140 harvester-thresher (see Figure 13 ), when the equivalent maximum stress in soil is approx. 60 kPa, and in the case of the front wheels of NH TX-66 harvester-thresher (Fig. 12) , when the maximum equivalent stress is higher then 55 kPa. In these cases it is recommended to extend the contact area between the wheel and the soil. In the case of the front wheels of U-445 tractor (see figure 10 .a), the equivalent maximum stress in soil is approx. 42 kPa (Fig. 11) . We can see that the equivalent maximum stress in soil in the case of analyzed caterpillar tractor (SM-445) is less than 20 kPa (Figure 11 and 15) . This study represents a supplementary argument for using the caterpillar for the reduction of artificial soil compaction. The present researches are directed to using the rubber caterpillar, and also to using the reduce-pressure tyres with largest contact area with the soil.
We can see from the figures 16, 17, and 18, that the distribution of equivalent stresses in soil volume is strongly influenced by the loading distribution in the contact area.
As we can see in figure 23 and 24, between the calculated and measured results is a difference of 8% for the front wheel and 12% for the back wheel of U-650 tractor. There is a true development possibility of the pseudo-analytical procedures for the modelling of the stress propagation in agricultural soil, based on the work of Boussinesq, Fröhlich and Söhne, using the numerical calculus procedures, respectively the finite element method.
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